Signal transducer and activator of transcription protein-3 (STAT3) is a transcription factor that participates in many biological processes, including tumor angiogenesis. The expression and activation of Stat3 in the mouse model of ischemia-induced retinal neovascularization was investigated to evaluate the possible role of STAT3 in retinal vascular disease. METHODS. Retinal neovascularization was induced in mice pups by exposure to hyperoxia. Gene microarrays were used to identify genes whose expression in the retina is altered at postnatal day (P)12 and P18. The relative levels of Stat3 mRNA were determined by semiquantitative RT-PCR. Stat3 protein levels and the levels of the activated form of Stat3 (pStat3) at P12, P15, P18, and P22 were determined by immunoblot analysis. Stat3 and pStat3 were demonstrated by immunofluorescence in retinal sections at P12, P15, and P18. RESULTS. In a series of microarray experiments, increased Stat3 mRNA levels in the retina were detected at P18. This result was validated by RT-PCR and demonstrated that Stat3 and pStat3 protein levels also increase during the development of neovascularization. Stat3 partially colocalized with blood vessels at the peak of neovascularization. pStat3 colocalized completely with blood vessels in both experimental samples and agematched controls. pStat3 staining increased notably in the neovascular vessels at P15 and P18 and was more strongly associated with the epiretinal vessels than with inner retinal vessels. It was not detected in larger blood vessels, such as those of the optic nerve. CONCLUSIONS. The level of Stat3 expression increased, and pStat3 was observed in association with retinal neovascularization. Activated Stat3 was preferentially localized to neovascular retinal vessels. These data suggest that STAT3 may have a role in proliferative retinopathy. (Invest Ophthalmol Vis Sci. 2005; 46:4409 -4416)
I schemia-induced retinal neovascularization is common to many ocular diseases, such as diabetic retinopathy, retinopathy of prematurity, and central retinal vein occlusion. Taken together, these diseases are a major cause of vision loss throughout the Western world. 1 The development of retinal neovascularization is thought to be the result of a complex interplay among many factors. 2 Vascular endothelial growth factor (VEGF) is a major oxygen-regulated mediator of angiogenesis. 3 Many other growth factors, such as growth hormone and insulin-like growth factor (IGF)-1, transforming growth factor (TGF), basic fibroblast growth factor (bFGF), and hepatocyte growth factor (HGF) have been implicated in the neovascular process. Other compounds, such as adenosine, nitricoxide, IL-8 and angiopoietin-2 also play a role in the angiogenic cascade (for reviews see Refs. 4 -6) . Integrins and their ligands, the matrix metalloproteinases, facilitate the degradation of basement membrane at the time of blood vessel growth and are also considered an important common pathway in the process of retinal neovascularization. 7 These angiogenic factors depend on signal transduction mechanisms to exert their effects. For example, VEGF signaling is complex and occurs through a combination of phosphorylation and protein kinase activation. 8 -10 Further investigation is necessary to delineate the details of the signaling pathways involved in the process of abnormal retinal blood vessel growth in retinal vascular diseases.
Signal transducer and activator of transcription protein-3 (STAT3) is a transcription factor that participates in many biological processes, especially those of cell survival and proliferation. It was originally isolated from cytokine-induced cell culture and has since been found in many normal and pathologic tissues. Targeted disruption of Stat3 in mice results in early embryonic lethality, suggesting an important role in embryonic development. 11, 12 Tissue-specific Stat3 deletions demonstrate its importance in survival processes. 13, 14 STAT3 exerts positive regulation on cell growth and is constitutively activated in various types of tumors, including leukemia, breast, prostate, and head and neck (for review, see Ref. 15) . Furthermore, constitutively activated STAT3 has been shown to induce cellular transformation and tumor formation. 16 STAT3 is activated by phosphorylation at tyrosine 705. Phosphorylated STATs dimerize and translocate from the cytoplasm to the nucleus, where they activate transcription. 17, 18 Tyrosine phosphorylation of STATs, which is mediated mostly through Janus kinases (JAKs), was observed in response to epidermal growth factor and interleukin-6, as well as other cytokines, such as leukemia inhibitory factor, oncostatin M, and ciliary neurotrophic factor, whose receptors share the IL-6 receptor signal transducer gp130. 19 Another phosphorylation site, serine 727, probably enhances transcription after DNA binding.
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STAT3 was implicated in mediating mitogenic, antiapoptotic, and angiogenic effects of leptin, 21 hepatocyte growth factor, 22 and IL-11 23 in endothelial cells, and the cytoprotective effect of IL-6 and IL-11 on endothelial cells exposed to hyperoxia. 24 In contrast, IL-6 was shown to inhibit endothelial cell proliferation and VEGF-induced angiogenesis in the rabbit cornea through STAT3, 25 suggesting that activated STAT3 has a dual role in the regulation of angiogenesis.
STAT3 has been shown to participate in known pathways of tumor angiogenesis. Activated STAT3 was shown to upregulate directly the expression of VEGF, a key mediator of angiogenesis, in human cancer cell lines and in vivo, through a STAT3-binding site on the VEGF promoter. 26, 27 A recent publication demonstrates that hypoxia-inducible factor (HIF)-1␣ and activated STAT3 bind simultaneously to the VEGF promoter, and the binding of both may be necessary for maximum transcription of VEGF after hypoxia. 28 Inhibition of STAT3 in cell cultures using a dominant-negative STAT3 mutant or antisense oligonucleotides caused a significant downregulation in VEGF expression. 26, 29 Constitutively active STAT3 enhances VEGF expression, angiogenesis, tumor growth, and metastasis in pancreatic tumors, whereas STAT3 blockade directly suppresses angiogenesis and hence tumor growth and metastasis. 30 Because VEGF is induced by many tyrosine kinases, some of which are known to activate STAT3, it is possible that STAT3 is a common pathway to tyrosine kinase-mediated VEGF induction.
STAT3 is present in the eye and specifically in the retina, although its role there has not been determined. Stat3 was demonstrated in the developing lens vesicle of the mouse eye at E11, and in the retina and RPE at E14. With the progress of retinal development, the expression of both Stat3 and phosphorylated (p)Stat3 shifted almost entirely to the outer neuroblast layer at P1, a stage at which most of the cells will become rod photoreceptors or bipolar cells. 31 Stat3 has recently been shown to regulate rod photoreceptor differentiation in the mouse. 32 With further development of the photoreceptor layer, the amounts of Stat3 and pStat3 gradually declined, and at p7 it was demonstrated only in the ganglion cell layer, the outer plexiform layer, and the outer segment. In the adult retina, Stat3 is localized to the inner nuclear layer and to ganglion cells. 31 STAT3 has been suggested to serve as a transducer of stress signals in neurons of the adult retina. It has been shown to be activated by ciliary neurotrophic factor (CNTF) in retinal neurons and glia and in response to subtoxic bright light, mechanical trauma, and systemic xylazine. 33 Given the role of STAT3 in tumor angiogenesis and its expression in the retina, we evaluated the potential role of STAT3 in a model of ischemia-induced retinal neovascularization. Stat3 expression and activation were increased in the neovascular retina, and activated Stat3 was localized to retinal blood vessels-in particular to neovascular vessels.
MATERIALS AND METHODS

Oxygen-Induced Retinopathy Model
All use of animals conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of the University of Pennsylvania in Animal Care and Use. Five-day-old C57BL/6 mice were obtained from Taconic Farms (Germantown, NY). Ischemic retinopathy was produced by a previously described method. 34 Briefly, 7-day-old (p7) mice were exposed to 75% oxygen for 5 days and then returned to room air. Oxygen levels in the chamber were monitored continuously. Aged-matched mice that were not exposed to oxygen were used as control subjects. Retinas were removed after an overdose of pentobarbital immediately after removal from the oxygen chamber at P12; 6 hours after return to room air; and at P13, P15, P18, and P22. Retinas were immediately frozen in Ϫ80°C. At least one eye from each litter was used to demonstrate neovascularization histologically at P18. Each RNA sample contained six retinas from three mice. Protein samples contained four retinas each. Separate samples were used for microarrays, RT-PCR, and Western blot analyses.
RNA Isolation and Microarray Analysis
To isolate RNA, retinas were homogenized in extraction reagent (TRIzol; Invitrogen-Life Technologies, Carlsbad, CA), extracted with chloroform, and the aqueous phase was precipitated in isopropanol. The pellet was washed with 75% ethanol, dissolved in water, and frozen at Ϫ80°C. The concentration and quality of the RNA were assessed by spectroscopy and RNA integrity was assessed by electrophoresis.
For hybridization with microarrays, the Affymetrix (Santa Clara, CA) protocol was followed. Briefly, biotin-labeled fragmented cRNA was produced from 8 g of each RNA sample. The samples were hybridized to Murine Genome U74 oligonucleotide arrays at 45°C for 16 hours and then washed and stained according to the manufacturer's instructions (GeneChip Fluidics; Affymetrix). These arrays contain approximately 12,000 mouse genes and expressed sequence tags (ESTs) from the UniGene Database (http://www.ncbi.nlm.nih.gov/UniGene; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD). After washing and staining, the arrays were scanned with an epifluorescent confocal scanner (Genearray; Agilent, Palo Alto, CA).
Probe Profiler was used for normalization of the results and to determine microarray quality. 35 Two nonparametric methods were used to analyze the normalized microarray data. Significance analysis of microarray (SAM) was used for two-sided comparisons, using 400 permutations and a varying delta. 36 The Mann-Whitney comparison was also applied to the data, by using the smallest available probability according to the number of microarray replicates.
RT-PCR Analysis
First-strand cDNA synthesis was performed (Superscript II Reverse Transcriptase [RT]; Invitrogen-Life Technologies). A 24-L reaction containing 1 g RNA, 1 g oligodT, or 0.5 g random hexamers and 40 mM dNTP was incubated in 65°C for 5 minutes. Eight microliters of 5ϫ RT buffer, 4 L 0.1 M dithiothreitol (DTT), and 80 units RNase inhibitor were added and incubated in 42°C for 2 minutes. The reaction was then performed using 400 units of RT at 42°C for 50 minutes, followed by 10 minutes in 70°C. cDNA was used immediately for PCR, or stored at Ϫ20°C.
Real-time PCR was performed with a sequence-detection system (model 7000; Applied Biosystems, Inc.
[ABI], Foster City, CA). Twentyfive-microliter reactions with 12.5 L PCR mix (SYBR green; ABI), 1 mM of each primer and five dilutions of cDNA (0.0625-1 g) were used. 18S was used as an internal control. The cycling parameters were optimized as follows: start at 60°C for 2 minutes, followed by activation at 95°C for 10 minutes, denaturing at 95°C for 15 seconds, annealing at 60°C for 40 seconds, and elongation at 72°C for 45 seconds, repeated for 40 amplification cycles. Dissociation curves were determined for PCR products, to rule out signal from primer dimers and other nonspecific dsDNA species. Samples were also subjected to agarose gel electrophoresis to verify production of the correctly sized PCR product.
Primers for Stat3 PCR were designed on computer (DNAstar, Inc., Madison, WI; adjusted with Primer Express software; ABI). PCR with primer pairs spanning an intron were used to rule out DNA contamination. The Stat3 forward primer was 5ЈACCCAACAGCCGCCGTAG 3Ј, and the reverse primer was 5ЈCAGACTGGTTGTTTCCATTCAGAT 3Ј. Expected product size was 192 bp. Primers were obtained from the Nucleic Acid Facility of the University of Pennsylvania.
Protein Extracts and Western Blot Analysis
Normal and hyperoxia-exposed mouse retinas were dissected at P12, P13, P15, P18, and P22 and frozen immediately at Ϫ80°C. Total protein extracts of retinas from each time point were prepared with sample buffer (NuPage LDS; Invitrogen-Life Technologies, Gaithersburg, MD). Protein samples were boiled and spun at 10,000g for 10 minutes, and the protein concentration was estimated with a Bradford assay 37 (BioRad Laboratories, Hercules, CA). Fifty micrograms of supernatant of each protein sample were separated by SDS-PAGE (NuPage 4%-12% gels; Invitrogen-Life Technologies) according to the manufacturer's protocol. Controls for STAT3 and pSTAT3 were included on each gel (10 L; Cell Signaling Technology, Beverly, MA). Proteins were then transferred electrophoretically to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked for 1 hour in TBS-T solution (50 mM Tris-HCl [pH 7.4], 150 mM sodium chloride, and 0.1% Tween-20), containing 10% nonfat dry milk and 5% normal goat serum, and incubated with STAT3 C-20 antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) or Phosph-STAT3 (Tyr705) antibody (1:1000; Cell Signaling Technology) in blocking solution overnight at 4°C. Antibody binding was detected with alkaline phosphatase-conjugated anti-rabbit antibody (1:10,000; Vector Laboratories, Burlingame, CA) and enhanced chemifluorescence (ECF) substrate (GE Healthcare, Piscataway, NJ). Blot signals were visualized by fluorometry (Storm 860 Imager; Molecular Dynamics, Sunnyvale, CA) and quantitated (ImageQuant, ver. 5.2; Molecular Dynamics). Internal loading controls were not used because both ERK and actin were differentially expressed in the microarray results, suggesting they were not appropriate controls. Instead, 4 blots from different samples were averaged for the final result (see Figure 2 ).
Preparation of Tissue Sections and Immunostaining Analysis
Eyes of normal and hyperoxia-exposed P12, P15, and P18 mice were dissected after cardiac perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and fixed for 4 hours at 4°C. Fixed eye cups were infiltrated overnight with 30% sucrose in the same buffer, embedded in tissue freezing medium (Triangle Biomedical Sciences, Durham, NC), and cryosectioned at 10 m. For immunostaining, retinal sections were pretreated with a blocking solution (1% normal goat serum, 1% bovine serum albumin, and 0.05% Triton X-100 in PBS [pH 7.4]) for 1 hour at room temperature and then incubated with primary antibody (STAT3 antibody or p-STAT3 antibody) diluted 1:100 in PBS with 0.3% Triton X-100 overnight at 4°C. After PBS rinse, the sections were treated with Cy3-conjugated goat anti-rabbit IgG (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA), in PBS for 1 hour at room temperature. Slides were then washed in PBS and incubated in fluorescein Griffonia simplicifolia lectin, isolectin B4 (Vector Laboratories) for 20 minutes, washed in PBS, and mounted (Fluoromount-G; Southern Biotechnology Associates, Birmingham, AL). Preabsorption tests were performed by preincubating the diluted anti-STAT3 antibody with blocking peptide for 1 hour before the immunostaining procedures. Sections were viewed with a microscope equipped for epifluorescence (model TE300; NikonUSA, Melville, NY). Images were captured with a digital camera (Spot; Diagnostic Instruments, Sterling Heights, MI). Some sections were also evaluated with confocal microscopy (model LSM510; Carl Zeiss Meditec, Dublin, CA).
RESULTS
STAT3 mRNA in Retinal Neovascularization
To help delineate the proteins involved in the neovascular response of the retina to ischemia, we compared gene expression profiles in mouse retinas of oxygen-induced neovascularization versus age-matched control subjects. A total of 22 arrays from three time points were compared, including 4 arrays each from P12 control, P12ϩ0 hour experiment, and P12ϩ6 hour experiment, and 5 samples each from the P18 control and experiment groups. One P12 control microarray was an outlier and was not included in the analysis. Nonparametric (MannWhitney) analysis of the microarrays was overlapped with SAM analysis. SAM assigns a score to each gene in the microarray on the basis of change in gene expression relative to the SD of repeated measurements. For genes with scores greater than an adjustable threshold, SAM uses permutations of the repeated measurements to estimate the percentage of genes identified by chance, or the false discovery rate. The Mann-Whitney comparison was also applied to the data using the smallest available probability, according to the number of microarray replicates. To eliminate false-positive results that are inherent to the microarray technique, we overlapped the lists generated by the two analysis methods.
A total of 53 genes were found to be differentially expressed in the neovascular retinas using the analysis methods described (Mechoulam H, Pierce EA, manuscript in preparation). Stat3 was found to be upregulated at P18 in the neovascular retinas (1.36-fold, P Ͻ 0.001; Fig. 1 ). The Stat3 mRNA expression level at P12 (control and both experimental groups) was similar to the expression level at P18 control (Fig. 1) . The microarray result was validated by quantitative RT-PCR in five separate samples of mRNA, using 18S as an internal control. The Stat3 mRNA level in the neovascular retinas at P18 was elevated twofold (0.99 cycle difference, P Ͻ 0.05) compared with the P18 controls. At P15, there was a similar trend showing an elevation of 0.47 cycle (P ϭ 0.2) in the neovascular sample compared with its age-matched control. Stat3 control levels were not significantly different among time points (P12, P15, and P18). Microarray results for Stat3 mRNA levels. Normalized levels of Stat3 in 22 microchips (4 microchips at each P12 time point, five microchips at P18 time points). The level at P18 in the oxygen-exposed groups was significantly elevated compared with the control at P18 (*P Ͻ 0.001 in Mann-Whitney comparison). Data are the mean Ϯ SD mRNA levels at the different time points and are shown in units of the mRNA level at the P12 control, which is denoted as 1. P12 and P18 Control, age-matched controls; P12 NV, exposed to oxygen from P7 to P12; P12ϩ6hr NV, oxygen exposed from P7 to P12, returned to room air for 6 hours; P18 NV, oxygen exposed from P7 to P12, returned to room air from P12 to P18.
STAT3 and pSTAT3 Levels at P18
To determine whether the increased mRNA levels are reflected in increased protein levels, we evaluated Stat3 protein levels in the retinas of animals at different time points during the development of retinal neovascularization (P12, P13, P15, P18, and P22). Samples from age-matched control subjects were included at each time point. The anti-STAT3 antibody recognized control STAT3 and pSTAT3 proteins ( Fig. 2A, lanes 1, 2) , and these signals were blocked by preincubation of the antibody with blocking STAT3 peptide (data not shown). As shown in Figure 2 , a marked elevation of Stat3 protein was demonstrated in the experimental sample at P18, when neovascularization is maximal in this model (Fig. 2A, lane 7) . Quantitative analysis of the Western blot signals from four independent blot-analysis experiments indicated that Stat3 protein was elevated 2.3-fold in the neovascular sample at P18 compared with the control at P18 (P Ͻ 0.05) and 2.8-fold from the control at P12 (P Ͻ 0.05). The protein level had decreased at P22, to 1.2-fold of the control at P12 (Fig. 2C) .
Since STAT3 is activated by phosphorylation at Tyr705, we also evaluated the level of pStat3 in the retinas of mice with oxygen-induced retinopathy. Western blot analysis showed that the anti-pSTAT3 antibody used recognized only the phosphorylated form of STAT3, not the control STAT3 protein (Fig.  2B, lanes 1, 2) . A significant amount of pStat3 was detected only in P18 retinas with maximum neovascularization (Fig. 2B,  lane 7) . Because signal was not present in other lanes, the extent of the increase in pStat3 could not be calculated.
Increased STAT3 and pSTAT3 Expression in Neovascular Vessels
To determine the location of the increased Stat3 and pStat3 expression in the retina, we performed immunofluorescence microscopy on frozen sections using labeled G. simplicifolia lectin as a marker for blood vessels. 38 At P12, Stat3 was localized mainly to the internal plexiform layer (IPL) in both oxygen exposed and control retinas (Fig. 3A) . Stat3 was also demonstrated in the base of the inner nuclear layer (INL). These signals decreased with time, as seen at P15 and P18 (Fig. 3B,  3C ). At P15, blood vessels in the inner retina were stained, especially in the neovascular sample. Vessel staining increased 
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IOVS, December 2005, Vol. 46, No. 12 in the neovascular retina at P18. Double staining of a section of P15 experimental retina with antibodies to STAT3 and G. simplicifolia lectin, which detects vascular endothelial cells, showed partial colocalization, indicating that the increased Stat3 protein is present in both vascular and nonvascular cells (Fig. 3D) . Signal was not detected after incubation of the antibody with a blocking peptide (results not shown). In contrast to Stat3, activated pStat3 staining colocalized almost perfectly with lectin in normal retinal blood vessels at P12, P15, and P18 (Fig. 4) . In the retinas of mice exposed to oxygen, blood vessels were not apparent at P12, and no specific pStat3 staining was noted (Fig. 4A) . pStat3 staining increased notably in retinal neovascularization at P15 and P18, and was more strongly associated with the epiretinal vessels than with inner vessels (Figs. 4C, 4E ). The pStat3 signal was located in vascular cells, as indicated by the yellow-orange signal in the merged images (Fig. 4, right panel) . In the normal controls, pStat3 was detected in some retinal vessels, and at the base of the inner nuclear and outer nuclear layers throughout the retinas (Figs. 4B, 4D, 4F) . Only inner retinal blood vessels were labeled with anti-pStat3 antibodies; vessels outside the retina, such as those in the optic nerve, did not demonstrate pStat3 (Fig. 5) . The intracellular location of pStat3 in retinal vessels was determined by confocal immunomicroscopy. Some nuclear localization was detected in endothelial cells of the neovascular retinas at P15 and P18. However, in most endothelial cells, the labeling was concentrated in the cytoplasm and around the nucleus (results not shown).
DISCUSSION
The data demonstrate that production of Stat3 is upregulated during the development of retinal neovascularization. The increased Stat3 is activated by phosphorylation when neovascularization is at its maximum in the model used. The pStat3 especially concentrated in pathologic vessels. Consistent with this activation, some pStat3 was detected in the nuclei of endothelial cells in the neovascular vessels. Based on these data, we propose that STAT3 may help mediate proliferation of blood vessels in the neovascular retinas.
STAT3 is a transcription factor that mediates the growthpromoting activity of angiogenic growth factors, such as VEGF, 26 hepatocyte growth factor, 22 and platelet-derived growth factor, as well as the activity of other compounds such as IL-6 and leptin. 21 These angiogenic factors function by binding to receptors, which have tyrosine kinase activities. STAT3 is activated by these tyrosine kinases and in response to activation translocates into the nucleus to stimulate the expression of survival and proliferation genes (for reviews, see Refs. 19, 39) . STAT3 is thus speculated to be a point of convergence for several angiogenic factor-signaling pathways in tumors. We hypothesize that this may also be true in retinal vascular diseases. Given its position as a central step in the angiogenic cascade, STAT3 may be a good target for pharmacologic modulation of angiogenesis. This may be particularly true for retinal neovascularization, given the observed concentration of pStat3 in pathologic vessels.
In the oxygen-induced retinopathy model used for these studies, angiogenesis is considered to be secondary to hypoxiainduced stimulation of angiogenic factor production. 40, 41 For example, expression of VEGF mRNA was shown to be increased after 6 to 12 hours of relative retinal hypoxia and remained elevated during the development of neovascularization. 42 In contrast, the elevations in Stat3 mRNA and protein and in pStat3 protein were observed at the peak of neovascularization, and not at earlier time points, suggesting it is a late step in the angiogenic cascade. The timing of STAT3 production may reflect its location "downstream" of growth factors in the angiogenic cascade.
STAT3 has also been shown to be elevated and activated by hypoxia in several other model systems. In the brain, STAT3 is upregulated and activated in microglia, astrocytes, and neurons after transient ischemia for 2 hours, followed by reperfusion. There appears to be a temporal sequence to the upregulation of STAT3 in different cells in this model of ischemia and reperfusion. STAT3 in neurons and astrocytes was activated rapidly, starting 1 hour after reperfusion. In microglia STAT3 was upregulated 4 days after the ischemic insult, concomitant with the inflammatory reaction, rather than with the earlier stress reaction. 43, 44 Rapid activation of STAT3 in response to ischemia and reperfusion in myocardial tissue was postulated to mediate ischemic preconditioning that protects the heart against subsequent ischemia. 45 The timing of STAT3 activation in the retinal endothelium, after 5 days of relative hypoxia, is comparable to STAT3 activation time in brain microglia, even though inflammation is not known to play a major role in oxygen-induced retinopathy. The different duration and resolution of hypoxia in the models may also account for the distinctive times of expression and activation of STAT3.
pStat3 was demonstrated in situ in epiretinal vessels throughout the retina, whereas intraretinal vessels did not stain uniformly for pStat3. Similarly, pStat3 was not found in larger vessels in the optic nerve. This observation can be explained by the exposure of the epiretinal vessels to angiogenic growth factors that activate STAT3. In the intraretinal vessels, that do not undergo excessive proliferation, Stat3 was not uniformly activated, possibly because of inconsistent exposure to angiogenic activating kinases. In larger vessels, Stat3 was not activated, either because it was not exposed to tyrosine kinases or because of certain qualities of these endothelial cells, as was suggested recently. Bartoli et al. 46 showed VEGF-induced activation and nuclear translocation of STAT3 in retinal endothelial cells in vitro. This effect was shown to be linked to VEGFR2/ STAT3 complex formation and did not occur in bovine aortic endothelial cells (BAECs), where the VEGFR2/STAT3 complex was not demonstrated. It is possible that the endothelial cells of the larger vessels of the optic nerve in our study have qualities similar to those of BAECs. The presence of activated Stat3 in retinal blood vessels, and specifically in the neovascular vessels, suggests a role of pSTAT3 in their growth. Its absence from larger vessels indicates that STAT3 may not be necessary for blood vessel survival and therefore could be an especially suitable target for antiangiogenic treatments.
After activation, STAT3 is translocated to the nucleus, where it exerts its function as a transcription factor. Although some translocation was noted in the neovascular samples, we could not demonstrate it throughout the sections. A recent study reporting nuclear translocation of STAT3 in response to VEGF showed that pSTAT3 remained in the nucleus for only a short time. 46 In our study, only thin sections of cells were examined at two distant time points, possibly decreasing our ability to demonstrate STAT3 translocation. Still, the nuclear presence of STAT3 is essential for its function, and should be studied further in the retina.
Based on the data presented, we suggest that STAT3 has a role in the proliferation of retinal blood vessels. However, two other options are possible. STAT3 may have no functional role in angiogenesis and may have been elevated in our study because it is present in blood vessels, more of which are present at P18. This seems unlikely because of the concentration of pSTAT3 in pathologic vessels, and the known functions of STAT3 in tumor angiogenesis. 15 It is also possible that STAT3 is involved in the regression of neovascularization, which begins after P17 to P20 in the mouse model. 34 The function of STAT3 as a negative modulator of angiogenesis was suggested by one report that indicated that the inhibitory role of IL-6 on angiogenesis and endothelial cell proliferation and on VEGFinduced angiogenesis in the rabbit cornea is mediated through STAT3. 25 However, if STAT3 were involved in the regression of retinal neovascularization, we would expect it to be elevated later, at P22, when the neovascular vessels are regressing in the model used. Because this was not observed, it appears less likely that STAT3 is involved in the regression of the neovascular vessels.
The analysis of gene expression microarrays is complex, and often, the multiple of change (x-fold) is used to find differentially expressed genes. Because this method is controversial, and changes in expression as small as 1.2-fold can be highly significant, 47 we chose to overlap two other methods of analysis: nonparametric analysis and SAM. Stat3 was found to be significantly elevated in our experimental group at P18, although it was elevated by only 1.3-fold. Is this a biologically significant change in expression? Our data suggest that it is. The small increase in mRNA level translated into a larger change in protein expression, with Stat3 protein increased more than twofold at P18. Stat3 was also activated by phosphorylation at P18, consistent with it having a functional role in the neovascular process. Also, the retina is heterogeneous, and our samples included several types of neural cells and glia as well as blood vessels, which make up a very small portion of the complete retina. It is possible that Stat3 is considerably upregulated in retinal blood vessels and that this elevation is partially masked by the unchanged level in all other components of the retina and possibly decreasing levels in the inner plexiform and inner nuclear layers that were demonstrated in FIGURE 5. pStat3 is localized to the retinal microvasculature, but not larger vessels. A section of retina and optic nerve from an experimental P15 animal was stained with antipSTAT3 antibodies (red, middle) and labeled lectin (green, left). A merged image is shown on the right. pStat3 was detected in the retinal vessels (arrow), but not in the larger vessels of the optic nerve (asterisk). Magnification ϫ200.
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IOVS, December 2005, Vol. 46, No. 12 situ. This assumption is corroborated by the in situ finding of greatly increased pStat3 in the retinal blood vessels at P18. Although the results presented herein are suggestive, additional investigation is necessary to verify the role of STAT3 in retinal angiogenesis. For example, functional studies using dominant-negative STAT3 mutants or antisense oligonucleotides to inhibit STAT3, or constitutively activated forms of STAT3, could help determine the function of STAT3 in retinal angiogenesis. 16, 26 Such additional investigation is warranted, because delineating the pathways by which STAT3 plays a role in retinal angiogenesis may provide new targets for therapeutic interventions that will address the actions of multiple signaling pathways in retinal angiogenesis and may be specific to growing or abnormal endothelium.
